Estimating early postmortem interval (EPI) is a difficult task in daily forensic activity due to limitations of accurate and reliable methods. The aim of the present work is to describe a novel approach in the estimation of epi based on quantitative magnetic resonance molecular imaging (qMRMi) using a pig phantom since post-mortem degradation of pig meat is similar to that of human muscles. on a pig phantom maintained at 20° degree, using a 1.5 T MRI scanner we performed 10 scans (every 4 hours) monitoring apparent diffusion coefficient (ADC), fractional anisotropy (FA) magnetization transfer ration (MTR), tractography and susceptibility weighted changes in muscles until 36 hours after death. cooling of the phantom during the experiment was recorded. Histology was also obtained. pearson's test was carried out for time correlation between post-mortem interval and MRi data. We found a significative inverse correlation between ADC, FA, MT values and PMI. Our preliminary data shows that post-mortem qMRMi is a potential powerful tool in accurately determining epi and is worth of further investigation.
PMMR has been emerging as a powerful tool in forensic death investigations and has the ability to enhance autopsy and uncover otherwise undetectable findings.
On the other hand, until now, PMMR has been largely based on conventional "morphological" MR T1 and T2 weighted and short-tau inversion recovery (STIR) sequences, which produce magnitude images whose signal mainly depends on proton density (PD), T1 and T2 relaxation times of tissues. In addition, such images allow only qualitative evaluation and are consequently strongly linked to the subjective judgment and variable experience of radiologists.
In the last years, the role of quantitative MR molecular imaging (qMRMI) has emerged in clinical practice as a fundamental approach for the detection and diagnosis of diseases. For example diffusion weighted imaging has become the fundamental tool for early diagnosis of cerebral ischemia, allowing to display changes due to ischemia as early as 20 minutes after the stroke, and it is also a powerful diagnostic weapon in cancer 16, 17 .
qMRMI allows to obtain numerical data and generates images whose signal depends on bio-physical tissue properties other than PD, T1 and T2 relaxation times, e.g. diffusion weighted sequence measures mobility of water molecules due to random Brownian motion within a tissue voxel. Besides information on isotropic and anisotropic water diffusion, obtained from Diffusion Weighted Imaging (DWI) and Fractional Anisotropy (FA), status of the macromolecular compartment including protein, obtained from Magnetization Transfer (MT), and presence of microscopic amount of air in tissues due to early putrefaction, estimated with Susceptibility Weighted Imaging (SWI), can be obtained in a fast and reliable way. Molecular imaging is a quantitative and objective method based on numeric values, which is independent from experience of radiologists. The role of quantitative MR molecular imaging is raising in clinical practice 18 .
The aim of our study has been to evaluate the early post-mortem changes in muscles using qMRMI on a pig phantom in order to explore the potential usefulness of this non-invasive novel approach in the early post-mortem interval. To the best of our knowledge, no previous paper has been published on this topic in the scientific literature.
Results
Apparent diffusion coefficient. We found a highly significative inverse time correlation between apparent diffusion coefficient (ADC) and PMI (significance level P < 0.0001, correlation coefficient −0.96, 95% confidence interval for r −0.99 to 0.85).
The data obtained from ADC map showed a progressive decrease of the ADC value from 1.55 × 10 −3 mm 2 /sec at 0 hours up to 0.93 × 10 −3 mm 2 /sec at 36 hours ( Fig. 1 ). ADC decrease was 40% and it was well depicted in the color-coded maps (Fig. 2) . It is noteworthy that the slope of the curve was not constant and was greater in the first 12 hours (22.6%) than in the following 24 hours (17.4%). This behavior correlates very well with histology since the first histological post-mortem sample (time 0) showed normal fibers and regular cellular structure.
In the sample taken at 12 hours, muscle fibers were swollen and some "giant" cells could be seen. Intercellular spaces were tight ( Fig. 3a ) explaining the reduction of water molecules movement and the strong increase of restriction in this phase. On the other hand, in the sample taken 36 hours, muscle fibers were shrunk and enlargement of intercellular spaces could be seen. Some fibers were missing and replaced by fluid-filled channels (Fig. 3b ). Such a pattern of cellular degradation explain the lesser decrease of tissue restriction since in this phase reduction of water movement is due only to decrease of temperature.
Magnetization transfer ratio. We found a significative inverse time correlation between MTR and PMI (significance level P < 0.0012, correlation coefficient −0.86, 95% confidence interval for r: −0.96 to 0.52). The values of MTR changed from 0.265 at 0 hour up to 0.133 at 36 hours with overall reduction of 49.8% (Fig. 4 ). In the curve 3 segments could be seen. The first segment between 0 and 12 hours was characterized by a constant decrease of the MTR values equal to 24,1%. In the second segment, between 12 and 28 hours, the fractional anisotropy and tractography. We found a significative inverse time correlation between FA and PMI (significance level P < 0.0002, correlation coefficient −0.91, 95% confidence interval for r: −0.97 to 0.66).
FA dropped from 0.32 at 0 hour to 0.25 at 36 hours (21.9%). The slope curve showed 3 segments ( Fig. 5 ):
1) First segment from 0 to 12 hours characterized by a decrease of 12.5% 2) Second segment from 12 to 28 hours without variation 3) Third segment from 28 to 36 hours with a further drop of 9.4% from 0.28 to 0.25
Tractography also demonstrated the decrease of FA as an evident loss of the number of muscular tracts ( Fig. 6a,b ). K factor (mathematical model). The curve derived ( Fig. 8 ) from our mathematical model confirms that the method is sensitive to molecular post-mortem changes also after ADC correction for temperature changes. Since temperature changes of the corpses is nowdays the basis for practical estimation of PMI, molecular imaging could add further temperature -independent data for this scope.
Discussion

Diffusion and apparent diffusion coefficient. Diffusion-weighted imaging (DWI) is a form of molecular
MR imaging based on the random Brownian motion of water molecules within a voxel of tissue [20] [21] [22] . Diffusion is fundamentally a thermodynamic phenomenon as demonstrated by Einstein 23 . The state of extracellular space in tissues is the most important factor that regulates diffusion. Free movement of the water molecules in extracellular space is mainly restricted by the presence of cellular membranes. Highly cellular tissues or those with cellular swelling due to ischemia produce narrowing of the extracellular space and consequently exhibit lower diffusion movement, which can be measured by DWI, appearing as a reduction of ADC values. ADC is a quantitative parameter that is calculated from the DWI, it allows an objective evaluation of the water movement in tissue. For this reason diffusion MRI is particularly useful in diagnosis of malignant neoplasia and cerebral ischemia because of the high cellular tissue in malignant neoplasia and the cellular swelling due to anoxia in ischemia cause reduction of extracellular space and drop of ADC values.
The structure of muscle fibers generates anisotropy in the water diffusion in a similar way than axons in brain. So anisotropic diffusion represents a useful tool in evaluation of normal and diseased muscles 24, 25 .
In our study we demonstrated that ADC values decreases of 40% in 36 hours and correlates very well with PMI (Figs. 1 and 2).
Decrease of ADC values was greater in the first 12 hours (22.6%) with respect to the second 24 hours (17.4%). Comparison with histology allows us to explain this behavior since water restriction was influenced in the first post-mortem 12 hours by two synergic phenomena: 1) swelling of ischemic cells, and 2) decreasing temperature. On the other end 36 hours histology shows cells shrinkage and enlargement of the intercellular spaces which causes increasing of the water molecules movement, so in this phase reduction of ADC values is due only to Anisotropic diffusion and fractional anisotropy. Anisotropic diffusion occurs in highly structured biological tissues that have different diffusion coefficients along different directions. White matter and muscles are highly anisotropic because of the parallel orientation of white matter and muscle fibers tracts 24 . The degree of anisotropic diffusion can be evaluated with diffusion tensor imaging (DTI) and it is well expressed by fractional anisotropy (FA), which is an index for the amount of asymmetrical diffusion within a voxel. The value of FA varies between 0 and 1. For perfect isotropic diffusion FA is 0. With progressive diffusion anisotropy, the FA → 1. Damage of the normal structure of an anisotropic diffusion can cause reduction of the FA with tendency of FA to move near 0.
Since DTI is sensitive to the orientation and density of cellular structures that hinder water diffusion, the local tissue microstructure can be evaluated with fractional anisotropy, which correlates with muscle fibers loss 25 .
Anisotropic diffusion can be encoded to generate tractography images, which allow to represent white matter and muscle fibers as colored tracts. Therefore, loss of FA due to muscle damage causes changes in the tractography www.nature.com/scientificreports www.nature.com/scientificreports/ images. We observed a reduction of the FA up to 22%. This data correlates with histology showing gradual loss of muscle cells and enlargement of the intercellular space, that causes reduction of the muscle FA. Tractography demonstrates with better advantages the loss of muscle fibers ( Figs. 3 and 6 ).
Magnetization transfer ratio. Magnetization transfer ratio (MTR) is an MRI technique that allow to
enhance contrast between tissues where hydrogen protons are present in two states 1: bound to macromolecules 2: in free water MT is based on the application of an off-resonance RF pulse, which saturates protons bound to macromolecules but not those in free water. The saturated protons from the macromolecule partially transfer their magnetization to protons in free water that in this way become partially saturated. When another radiofrequency pulse is applied, the signal from the free water is reduced due to the pre-saturation of this free-water protons. The difference between the signals achieved with and without the off-resonance pulse can be calculated and is referred as MTR 26 .
MTR is a powerful tool in evaluating macromolecular compartment since damage of macromolecules causes decrease of the MTR. E.g., decrease in the magnetization transfer ratio have been shown to correlate well with the degree of myelin loss and axonal damage in patients with multiple sclerosis 27 .
The MTR allows a quantitative evaluation of the ability of protons bound to macromolecules to exchange magnetization with the surrounding free water and, consequently, is able to detect damages of these macromolecules.
In our experiment MTR is reduced by half after 36 hours (Fig. 4) . These data correlates well with alterations of the proteome profile which occurs few hours after death both in human and pig muscles. In samples of human muscles stored at 25° some proteins started to degrade after few hours 28 .
Pittner et al. 9 . showed that in pig muscles stored at 21 °C proteins degraded in a regular and predictable fashion. Early change in the first 36 h post mortem interval affected some proteins as Titina 1, desmin dp2, 1200 KDa and calpain 1.
The time-dependent changes in muscle histology are one of the useful indices for determining the postmortem interval. Vacuolization and autolysis occurred as early as 6 h when the muscle tissues were stored at 25 °C 29, 30 . Degradation of myofibrils by various proteases has been thought to be an important mechanism leading to postmortem vacuolization and autolysis in skeletal muscles 29,30 . Susceptibility. Magnetic susceptibility corresponds to the internal magnetization of a tissue resulting from the interactions with an external magnetic field. Although human body is mainly diamagnetic, it contains paramagnetic substances as deoxy-hemoglobin. Moreover, tissue can contain pathological amount of paramagnetic substances e.g. blood degradation products as hemosiderin or ferritin. Finally, when two tissues with different magnetic susceptibilities are juxtaposed, local distortions in the magnetic field were seen. There are such natural interfaces between air and tissue.
Susceptibility weighted imaging (SWI) is an MRI Gradient Echo Steady State T2/T1 weighted sequence which is particularly sensitive to compounds that distort the local magnetic field [31] [32] [33] .
The presence of paramagnetic substances or air in tissue causes large distortions in the magnetic field and significant susceptibility artifacts since the local field inhomogeneity accelerates transverse relaxation and signal decay ( Fig. 7) .
For this reason SWI is a tool with an extraordinary ability for detecting microscopic quantity of substances causing susceptibility artifact in tissues including air.
Presence of air in the vessels and tissue can be correlated to several conditions occurred before (e.g. trauma, infection, gas embolism) or after death (e.g. resuscitation procedures, putrefaction) and is considered a useful complementary tool in estimating post-mortem interval 15 .
In our phantom SWI was able to detect air in vessels since the first scan due to exsanguination. Air in the vessels could be seen only in SWI but not in other sequences (Fig. 7) . We believe that SWI could become the method of choice for detecting micro-bubbles in tissues as an early marker of putrefaction. Further study with corpses in more advanced stage of decomposition are necessary to confirm this hypothesis.
It is necessary to point out the limitations of our study. The single experiment is its main limitation. However our data shows that the method is sensitive to early post-mortem changes in muscles and that is worth of consideration and further study.
In addition, our data were collected only with phantom stored at 20° Celsius. Since the temperature storage is very important in causing post-mortem cellular changes, other data scanning muscles at different temperature storage should be acquired.
Of course, a big database should be acquired at different temperature and times in order to evaluate the applicability of the method to daily forensic practice.
Another limitation is that we obtained our data from a pig phantom and not from human muscles. However literature data shows that pig's muscles are very similar to human muscles 8 , so we can suppose that our results can be considered predictive of post-mortem qMMRI in humans.
Moreover, a phantom is different than a whole body exposed to gastrointestinal bacteria spread, since the intestinal bacteria could influence the kinetic of post mortem changes in muscle. In addition, other factors than can influence the PMI estimation, such as gender, age, cause of death and so on, also cannot be evaluated on a pig phantom.
Finally we have not performed H1-MRspectroscopy that is another molecular imaging potentially useful for PMI evaluation. Only few papers exist on this topic 33-35 . www.nature.com/scientificreports www.nature.com/scientificreports/ In spite of these drawbacks, we believe that our study demonstrates that multiparametric qMRMI is sensitive to early post-mortem muscular changes due to cooling, damages of proteome probed by MTR and muscle fibers loss due to cell death showed by ADC and FA.
Consequently qMRMI has a potential for being a useful tool in forensic EPI delimitation with a high level of precision because the behavior of MRI signal is linked to the bio-physical post-mortem changes of tissues. This novel MRI approach also provides the following important advantages: it is a fast and relatively inexpensive method, and its results are not dependent from radiologist's subjective evaluation.
conclusion
In conclusion, qMRMI has the potential to evaluate EPI supporting other existing techniques. qMRMI could be included in a post-mortem multidisciplinary scenario in which, integrating data from different medical branches, a reliable (as it were "mathematical") estimation of PMI could be obtained 36 . We want to highlight that our work is a very preliminary study showing only that the MRI molecular imaging is sensitive to tissue post mortem changes. It could be a useful starting point in the developing this idea, scanning more phantoms or human bodies in further studies.
Material and Methods
A pig hind leg weighting 24 kg was used as a phantom. The pig was slaughtered according to standard procedure for food chain, under animal physician control. The pig, bred in a farm, was healthy with a well-developed muscle mass. In forensic science, pigs are commonly used as phantoms due to their comparable body size and physiology to humans 37, 38 . Particularly the choice of a pig as a phantom was based on the demonstration that postmortem muscle protein degradation is similar in time and temperature to that observed in humans 9 .
The leg was considered the best anatomic place of sample since muscles of this region are the largest both in pig and human body and so are ideal for MRI data acquisition.
No permission by our Ethic Committee was necessary because the phantom was obtained from the commercial food chain.
Time of pig death was recorded. The specimen was placed in rooms maintained at a constant temperature of 20° Celsius with a 40% of humidity from the first minutes after death until the end of the experiment, monitoring them with an ambient temperature-humidity CE device.
The first MRI scan was performed 3 hours after death. The last scan was carried out 36 hours after the first one. A total of 10 scans were obtained with an interval of 4 hours between each scan.
All the sequences were centered on the same axial axis of the pig leg localized using a superficial marker (adhesive plastic tape). The axial thickness of the muscles included into MRI scan was 15 cm (Fig. 9 ).
Immediately before each MRI examination, both superficial and deep temperature of muscles were measured at the mid thickness of the pig leg with a CE digital thermometer TP101 by using a sharp probe which temperature measure range from −50° to 300°. This was done in order to measure the decrease of the post-mortem muscle temperature (PMMT), which is a consecutive cadaveric phenomenon, linked to environmental and cadaveric factors. Measurements were performed close to the area included in the MRI scan ( Fig. 9 ).
All MRI examinations were carried out with a 1.5 Tesla scanner (Ingenia, Philips, The Netherlands) using a 16-channel body coil.
Measurements of isotropic and anisotropic diffusion 20, 21 , magnetization transfer ratio (MTR) 39 , and tissue susceptibility 31 were obtained using sequences widely validated in clinical MRI, and correlated with PMMT and histological findings.
MRI examination protocol included: Total acquisition time was 18 minutes. The post-processing was performed with a complementary console (IntelliSpace TM portal 7.0) by a radiologist (MG) with a twenty year experience in MR imaging and ten year experience in MR molecular imaging [40] [41] [42] .
The following molecular imaging values of the muscles were obtained from the analysis of the MRI sequences for each scan: 1) Apparent diffusion coefficient (ADC) from DWI was automatically calculated by the accessory and measured using ROIs. 2) Fractional anisotropy (FA) from DTI was automatically calculated by the accessory and measured using ROIs 3) Magnetization transfer ratio (MTR) was computed as T1s + MTs/T1s where T1s is the magnitude of tissue signal before the MT pulse and MTs is the signal after the MT pulse has been applied 4) SWI sequence Calculation of all molecular imaging values was made using measurements acquired in the same regions of interest (ROIs) drawn on T1 weighted images and spread on the other sequences with copy and paste tools. The ROI was drawn including the largest part of the muscles and excluding large vessels, bones and subcutaneous tissue.
Color-coded ADC maps were also obtained. Tractography of the muscles was carried out using the post processing program of the Philips complementary console.
Finally MinIP reconstructions of the SWI sequences were carried out in order to detect the presence of air within vessels and muscles and compared with standard anatomical T1 weighted images.
At 0, 12, 24 and 36 hours from the beginning of the MRI study, four histological samples were obtained in order to correlate MRI findings with histological post-mortem changes.
Samples were fixed in 10% neutral buffered formalin for 24 hours at room temperature. Thereafter, they were transversally cut and paraffin embedded. 4 µm thick sections were cut from each paraffin block and stained with haematoxylin and eosin stain for evaluation at light microscopy.
Mathematical Model
In order to simplify the comprehension of our data we propose a simple mathematical model which synthetizes in a formula the three different molecular variables acquired: Since all this parameters (A, B, C) are inversely proportional to post-mortem timing, value of K is expected to decrease when PMI increases. Since MT is a ratio and FA is a percentage they are not significantly influenced by temperature variations. On the other hand diffusion is dependent from two different factors: 1) size and number of muscle cells and 2) temperature of tissue.
So the impact of thermodynamic effect due to body's cooling on the ADC values is important and its influence can be reduced calculating the percentage of decrease of ADC values due to the cooling. Thus, the correction of the ADC value obtained in this way allows to focus on the effect of muscle cells degradation. This correction of ADC by cooling is represented in the formula by [a + (a ΔT%)] which can be indicated ad corrected ADC (ADCc). The model is a simplified version of the model described by Szafer et al. 43 . where we consider a linear dependence of ADC as a function of the temperature difference (in percentage), according to the Stokes -Einstein equation for diffusion 23 .
time correlation
Pearson test (carried out with MedCalc Statistical Software version 15.8 (MedCalc Software bvba, Ostend, Belgium; https://www.medcalc.org; 2015) was used for evaluating time correlation between post-mortem interval and MRI data.
